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Introduction
BThis investigation shows that self-formed chlorophyll is absent in animals. If chlorophyll can be found in animals, it is due to invading plants that have kept their morphological and physiological independence^. This conclusion, published by the German botanist Karl Andreas Heinrich Brandt (1854 Brandt ( -1931 in 1881, represents the final quintessence of a number of ideas and experimental findings in the field of symbiosis research at that time. Karl Brandt, corroborating and adding to the work of others, determined through observational and experimental evidence that the green and yellow cells in some marine and freshwater animals were indeed independent organisms that live together with their host.
One of the fundamental topics of endosymbiotic research in the second half of the nineteenth century concerned the presence of green pigment in animals. This simple observation sparked two related and far-reaching questions: (1) Does this colouration indicate the presence of plant chlorophyll? And if so, (2) is this chlorophyll of endogenous animal origin, remnant of ingested food, or due to the presence of chlorophyllcontaining microorganisms? Siebold (1849) had already stated that the greenish bubbles and grains in Hydra, Turbellaria and some infusoria Bare likely closely related to chlorophyll, if not identical^, but it was only later that chemical and spectroscopical characterization confirmed the presence of chlorophyll in these animals (reviewed in Buchner 1953) . In addition to the general interest in green animals, the British biologist Thomas Huxley initiated another line of research, when he made a rather unremarkable observation about the occurrence of Bspherical bright yellow cells^in the colonial radiolarian Thallasicolla while on board the H.M.S. Rattlesnake (Huxley 1851) . Things became particularly interesting when Leon Cienkowski reported that these yellow cells continued to grow and divide even after the degradation of the radiolarian colony. Although Cienkowski did not explicitly state their independent nature, he did pose a fundamental question: do the yellow cells really have to be regarded as an essential part of the radiolarian body? (Cienkowski 1871) . Surprisingly, the obscure nature of both green and yellow cells and their relationship with both marine and freshwater organisms was more or less resolved within a 7-year period between 1876 and 1883, thanks to a series of independent experiments and observations mainly put forward by Géza Entz, Richard and Oscar Hertwig, Patrick Geddes, and Karl Brandt. Karl Brandt presented his findings in two presentations in 1881, the first to the Berlin Physiological Society on the 11th of November and the second to the Berlin Society of Friends of Natural Science on the 15th of November. His presentation entitled BUeber das Zusammenleben von Thieren und Algen( Concerning the cohabitation of animals and algae) was subsequently published three times in near-identical form by the transactions of both societies (Brandt 1881a, b) , and in the journal Botanische Zeitung (Brandt 1882a) , edited by Anton de Bary and Leopold Just at that time. Furthermore, a fourth, shorter version, summarizing the main findings and essential conclusions, was published with the footnote 'Excerpt of a presentation given to the Physiological Society of Berlin' (Brandt 1881c ; complete English translation provided in supplements). Despite its brevity, Brandt's presentation provided a number of major findings on the photosynthetic and self-sufficient nature of these green and yellow cells. Starting from the fundamental question about the nature of chlorophyll in animals, his talk illustrated the morphological characteristics that designated these bodies as unicellular algae, established the first taxonomic designation of Zoochlorella sp. and Zooxanthella sp., and demonstrated their physiological independence and essential capability of re-infecting conspecific hosts. Brandt concluded his presentation with remarks on the specific nutritional nature of the algae-host association and how the functional roles of both partners in this symbiosis compares to other algae-related symbiotic systems known at that time. The four published versions of his presentation (Brandt 1881a (Brandt , b, c, 1882a are not completely identical. While the content is similar, the last paragraph differs in two of them (Brandt 1881b, c) . In these versions, Brandt explicitly introduces the term BPhytozoe^, accompanied by a footnote stating that this term Bmay provisionally designate animals with green or yellow algae^(cf. Supplements). Peculiarly, Brandt (1881c) is the only version that also contains a statement on the cellulose nature of the outer cell envelope of some green cells (passage highlighted in Supplements), a detail that Brandt failed to address in his presentation, despite explicitly introducing the question in his initial remarks. A short item in the Popular Science Monthly magazine (today Popular Science) entitled BA partnership of animal and plant lifeâ ppears to be the only English writing on the subject matter (Brandt 1882b) . Despite its publication in German, Brandt's presentation is still considered one of the landmark publications of that time and continues to be cited to the present day. Brandt's final conclusion on the microalgal nature of green and yellow cells was consistent with many other observations in marine organisms. Even though Brandt used the German word BZusammenleben^(living together/cohabitation) in his title, he explicitly mentions the term symbiosis at the end of his text and chose it as title in a later publication (Brandt 1883a) . Considering the year of his presentation, the term symbiosis was brand-new to the field, as it had just been introduced by Heinrich Anton de Bary (de Bary 1879), in an expansion of Albert Bernhard Frank's term BSymbiotismus ( Frank 1877) . De Bary's definition of symbiosis did not define the specific quality of the relationship between the associated partners, but rather integrates symbiosis within a spectrum of relationships (such as mutualisms, commensalisms, parasitisms etc.). Largely unnoticed, Géza Entz had already stated many of Brandt's later conclusions in an earlier presentation given on the second conference of the Kolozsvarian Association of Medical-natural Scientists in Kolozsvar (today Cluj-Napoca, Romania) on the 25th of February 1876. Given in Hungarian at that time, it was only published in German later (Entz 1881 ). Entz also discovered that the green cells in infusoria (which he called Bpseudo chlorophyll bodies^) do not belong to a single algal group, as Brandt had suggested with the genus Zoochlorella, but actually represent different algal groups that occur within a similar developmental state when found in association with the animal (Entz 1881 (Entz , 1882 . Also prior to Brandt's findings, the Hertwig brothers had noted the presence of cellulose in the outer envelope of yellow cells of sea anemones and suggested that these cells are Bprobably basic unicellular algae ( Hertwig and Hertwig 1879) . Karl Brandt and Patrick Geddes though widely confirmed the presence of cellulose in yellow cells from radiolarians (Brandt 1882c) , sea anemones, the pelagic siphonophore Vellela sp., and the jellyfish Cassiopeia sp. (Geddes 1882b) . The experiments conducted by Geddes are of particular significance, since they demonstrated that the cells were able to actively photosynthesise within these animals; observations that were confirmed by measuring the light-dependent concentration of oxygen in bubbles released by the siphonophore Vellela sp., and the green planarian Convoluta schultzii (today Symsagittifera schultzei) (Geddes 1882a, b). Brandt's further work culminated in two extensive publications, both bearing the same title: BÜber die morphologische and physiologische Bedeutung des Chlorophylls bei Tieren^(Concerning the morphological and physiological importance of chlorophyll in animals; (Brandt 1882d (Brandt , 1883b . The latter, an extensive 100-page publication (Brandt 1883b) , includes his experimental work at the Stazione Zoologica Anton Dohrn in Naples, Italy and provides an exhaustive synthesis on the matter of green and yellow symbionts. Both publications also contained detailed illustrations of green and yellow cells from a range of hosts, depicting them ex and in hospite, in their natural state, as well as after chemical treatment (Figs. 1, 2).
Translation of Brandt (1881a)
The following text is a direct translation of Brandt's presentation from 11 November 1881 as recorded in the transactions of the Berlin Physiological Society and published in the Archiv für Anatomie und Physiologie -Physiologische Abtheilung (Brandt 1881a). Furthermore, I have provided another translation of a different, shorter version as published in the journal Biologisches Centralblatt (Brandt 1881c) as Supplement. Text segments that were highlighted in the original document by wider letter-spacing appear bold in the following translation.
Addendum to session from 11 November 1881 Herr K. Brandt gives a presentation: Concerning the cohabitation of animals and algae.
Chlorophyll, the green pigment that appears in all plants with the exception of fungi and possesses such an important role does also, as is well known, occur in the animal kingdom. Chlorophyll has for example been documented in certain rhizopods (monothalamians, heliozoans and amoeba), in ciliates (Paramecium, Stentor, vorticellae), in freshwater sponges (Spongilla) and polyps (Hydra), and a number of marine and freshwater turbellarians (Vortex). In all of these animals chlorophyll occurs in the form of distinctly delimited round or oval bodies, quite similar to its appearance in plants.
Concerning the existence of chlorophyll bodies in animals, three opposing views have been developed. 1) Some believe that these green bodies in animals are true chlorophyll bodies that morphologically and physiologically correspond to plant chlorophyll bodies.
2) Others hold the view that the supposed chlorophyll bodies are not created by the animal itself, but should rather be regarded as parasites. 3) And others hold the opinion that -at least in protozoathe green mass is nothing else than ingested plant parts, intended for digestion.
Which of these three opinions is correct has to my knowledge not yet been decided by means of direct investigation. In his publication BDie natürlichen Existenzbedingungen der Thiere^(1880. I. pp. 86-93), which is rich of stimulating thoughts, Semper provides a critical overview of the available information and comes to the conclusion that these green bodies have to be either regarded as endogenous animal products or as housemates (commensals). Of these two views, the latter appears to be more likely to him.
Results of my own studies
First, a morphological investigation involving microchemical reactions is needed in order to provide an answer to this question. In particular, answering three questions was of importance: Amoeboid cell of Spongilla. 10-16 and 20-27 Isolated green bodies. 1600× magnification. 10 Green bodies of Spongilla. 11 Green bodies of Spongilla, treated with hematoxylin. 12 Green bodies of planarian. 13 Green bodies of planarian, treated with hemotoxylin. 14 Green bodies isolated from intestinal wall of Aeolosoma. 15 Green bodies isolated from intestinal wall of Aeolosoma, treated with hematoxylin. 16 Green bodies from Hydra, occasionally with starch grain. 17 Green bodies from Hydra three weeks after isolation. 18 Green bodies from Hydra, treated with hematoxylin. 19 Stentor polymorphus with green bodies. 200× magnification. 20 Green bodies of Stentor polymorphus. 21 Green bodies of Stentor polymorphus, treated with hematoxylin. 22 Paramecium aurelia with green bodies. 500× magnification. 23 Green bodies of Paramecium aurelia. 24 Green bodies of Paramecium aurelia, four weeks after isolation. 25 Green bodies of Paramecium aurelia, treated with hematoxylin. 26 Green bodies of Vaginicola crystallina. 27 Green bodies of Vaginicola crystallina, treated with hematoxylin 1) Do these green bodies only consist of basic substance and chlorophyll, like true chlorophyll bodies, or do they contain also hyaline, clear protoplasm? 2) Do they contain a nucleus or not? 3) Are they surrounded by a cellulose membrane or not?
Furthermore, it was necessary to determine whether they are physiologically independent or not. In this context, the following points were of particular importance: 1) Do these green bodies survive the death of the animals with whom they live or do they die with them? 2) Is it possible to use a piece of a chlorophyll-containing animal to infect another chlorophyll-free animal?
Morphological studies were performed on Hydra, Spongilla, one freshwater planaria, and a number of infusoria (Stentor, Paramecium, Stylonychia, various vorticellae etc.), by isolating the green bodies from these animals through squeezing and inspecting them under a strong magnification. Frequent investigations on different specimen revealed completely consistent results with regard to the structure of these green bodies:
The green bodies are not homogenously and completely green, but consistently contain hyaline protoplasm next to the green mass. Thus, every green body should not be regarded as chlorophyll body, but as a mass of protoplasm that contains a chlorophyll body. The usually trough-shaped chlorophyll body possesses a strong refractive ability and contains, based on a spectroscopical study of an alcoholic Spongilla extract, true chlorophyll (Fig. 3) . Through the application of hematoxylin, it was possible to clearly demonstrate the presence of a nucleus in all green bodies. Either the green bodies were killed by applying chromic acid (0.2 %) or osmium tetroxide, stripped of chlorophyll with alcohol, and treated with hematoxylin -or they were live-stained with hematoxylin and then treated with alcohol to clean them of their green colour. The result was always the same. In all cases, a violet grain was distinguishable in the hyaline part of the green body. In cases where more than one grain was present in a green body, it was always possible to demonstrate the presence of a number of chlorophyll bodies as well. Cases with 2-6 grains and matching amounts of chlorophyll bodies have to be likely interpreted as division states.
These corroborated findings prove that the apparent chlorophyll bodies of animals are morphologically independent unicellular organisms. Since no algae genus has yet been described to whom these Bgreen bodies^could be assigned, a specific name has to be ascribed. Besides the morphological independence of zoochlorellae, their physiological independence remained to be proven.
Green bodies from freshwater sponges and ciliates were isolated through squeezing and cultivated on glass slides. It was demonstrated that isolated zoochlorellae by no means die, but continue to live for days and weeks. When exposed to light, starch grains appear within them -a sign that they have not lost their functionality.
Moreover, infection experiments were conducted. In the course of the experiment it was demonstrated that the aforementioned species of Zoochlorella that were designated based on their size differences are not just morphologically diverse, but also show physiological differences. When providing chlorophyll-free infusoria with isolated green bodies from freshwater sponges, it was demonstrated that although many of them were taken up, they could not successfully be retained and were either digested or expelled. Even infusoria that usually harbour zoochlorellae (the bigger species, however) did not keep them. Fig. 2 Illustration of yellow and green cells found in animals (from Brandt 1883b). All figures are depicted as 1000× magnification (except 46-49, 90-93). -The yellow cells are always displayed as they appear to the observer when the microscope is adjusted to the equatorial plane. a 1-13 Yellow cells from Anthea cereus [Anemonia sulcata]. 1 After death. 2 Almost completely discoloured after 2 h of treatment with alcohol. 3 After alcohol treatment and Lugol's solution with subsequent iodine removal using acetic acid. Only the starch grain is stained purple. 4-6 After 3 h of alcohol treatment and 1 h of acetic acid (1 %). 7 A single yellow cell that was treated the same way as the previous ones followed by incubation in Lugol's solution for 30 min. 8-10 Yellow cells after 7 h of treatment with sodium hydroxide (0.5 %). Their colour has changed only slightly. In many cases, there was leakage of coloured plasma, retaining only the starch grain and other grains in the folded membrane (Fig. 10) . 11 Isolated hollow starch grains. 12 Isolated starch grains after treatment with Lugol's solution. The Anthea [Anemonia] animals, whose yellow cells were used, were only exposed to low light. 13 Isolated starch grains after treatment with Lugol's solution. The Anthea [Anemonia] animals were exposed to direct sunlight for 3 h. 14-19 Yellow cells from Aiptasia diaphana. 14, 15 Three months after isolation from Aiptasia. The membrane has thickened. Fig. 15 : Shed hull next to a yellow cell. 16-19 Isolated yellow cells after death. The yellow cell in Fig. 19 has the shape of a swarming spore of the phaeosporeae(?). 20 Swarming spore of phaeosporeae(?). Very similar to the yellow cell from Aiptasia depicted in Fig. 19 The same cells after 1 h incubation with alcohol. 57 Yellow cells from S. neapolitanum after t r e a t m e n t w i t h a l c o h o l a n d s t a i n i n g w i t On the other hand, it was possible to infect chlorophyll-free infusoria with zoochlorellae from a dead Hydra viridis. A number of ciliates that are usually free of green bodies took up Hydra parasites and kept them over time (Coleps, Paramecium, Stylonychia etc.) .
Concluding from the presented data, self-formed chlorophyll is lacking in animals. Chlorophyll does only occur in true plants. When found in animals, its existence is attributed to colonized parasites.
General findings
When I used the term Bparasite^in the previous paragraph, it was merely due to brevity and also because these algae appear from a morphological perspective for the moment as parasites of animals. However, they cannot be seen as true parasites in the physiological sense. One should not draw a parallel with parasitic fungi, tapeworms etc., because these extract substances from their host and do not produce, even lesser, release such compounds. Zoochlorellae and zooxanthellae, however, produce organic compounds from water and carbonic acid in the likeness of true plants.
Thus, they are expected not to withdraw organic compounds, but rather deliver them to their host. Indeed, the latter is true as illustrated by the following observations: 1) When closely inspecting the jelly of big colonial radiolarians, I was unable to find foreign material that was in some state of digestion.
Given their considerable body mass, these animals require large amounts of food. Since they are unable to generate organic compounds from water, carbonic acid and ammonia, they can only be kept alive by their yellow cells, which they harbour in considerable densities.
2) Such colonies were best kept alive, when submerged in filtered seawater. Under these conditions, they were completely unable to feed on organic matter like true animals. 3) Freshwater sponges were equally well kept in filtered river water. Even if the water was filtered on a daily basis, they thrived marvellously. Only when placed in a semidark room, they died. Sufficient lighting is absolutely necessary.
It is hereby demonstrated that zooxanthellae and zoochlorellae completely sustain their host. As long as these animals contain only few or no green or yellow cells at all, they feed like true animals by ingesting organic substances. As soon as they contain sufficient algae, they feed like true plants, through assimilation of inorganic compounds. They have to feed like animals as soon as limiting light reduces the function of their algae. They die if they do not shift to their original mode of feeding.
Botanical studies have shown two different kinds of algal cohabitation with other plant organisms. Firstly, algae live as Btenants^in other chlorophyll-containing plants. Secondly, algae live in association with fungi, forming the so-called lichens, as highlighted by Schwendener. In the first case, parasitizing algae are generally indifferent towards their host's assimilation mode. Algae, as well as the plants they live in, feed through assimilation of inorganic compounds. In lichens, algae supply the nutrition for their parasitizing fungi. The algae transform inorganic compounds into organic ones and the fungus consumes them.
Similar to this case, yet different, is the association of algae with animals. Generally, the same principles apply in lichens and green and yellow animals: The algae transform inorganic compounds into organic ones and the animal consumes them. However, while we find in lichens that true parasites (fungi) are associated with algae, we see in green and yellow animals a symbiosis of algae with animals that are used to an independent and self-sufficient lifestyle. As soon as their green and yellow algae have colonized and sufficiently grown in density, they give up their independent life and let themselves completely feed by their Bparasites^. Although capable -they are morphologically equivalent to chlorophyll-free animals -the do not assimilate solid organic substances anymore. The cohabitation of algae and animals is the most peculiar case. From a morphological point of view, the algae are parasites, while from a physiological point of view, the animals are the parasites.
The studies were conducted at the local physiological institute. 3 On the matter of Brandt's taxonomy Some opposition remained following Brandt's conclusions. Lankester (1882) for example, argued that the Bgreencoloured corpuscles^of Hydra and Spongilla were more similar to the chloroplasts of plants and should not be regarded as symbiotic algae. However, the cultivation and description of some of Brandt's Zoochlorella sp. as Chlorella vulgaris by Martinus Willem Beijerinck (spelled as Beyerinck in some German publications) certainly ended the debate (Beyerinck 1890) . It should however be noted that direct cultivation from Spongilla or Hydra animals was initially not achieved, even though one or two cell divisions were observed provided the cells were kept in contact with animal protoplasm (Beyerinck 1890) . Later attempts that included the addition of organic supplements such as glucose improved the cultivation of Chlorella from the freshwater sponge Euspongilla lacustris and the platyhelminth Castrada viridis Volz (Limberger 1918) . Recognizing Zooxanthella sp. as independent organism paved the way for the research of Hovasse, Kawaguti, McLaughlin, Zahl, Taylor, and Trench in the twentieth century and led to the successful cultivation, identification, and description of Zooxanthella sp. as dinoflagellates. Unfortunately, Brandt's classification of green and yellow cells in animals as Zoochlorella sp. and Zooxanthella sp. in the 1880's was also the starting point for a hundred years of extensive renaming and reclassification, especially in the genus Zooxanthella, leading in some cases to multiple synonyms for the same species (reviewed in Reisser 1984; Blank and Trench 1986; Stat et al. 2012 ). Brandt's justified the creation of both genera with the fact that these algae did not resemble any of the described algal groups at that time, but admits later that this was a mistake given the findings of Entz (Entz 1881 (Entz , 1882 for zoochlorellae and that the genus name Zoochlorella should be retracted (Brandt 1883b; pp. 193, 245) .
Zooxanthella chattoni (Hovasse 1924) and Z. nutricula (Brandt 1881a) are the only formally recognized species of the genus Zooxanthella, according to algaebase.org (Guiry and Guiry 2016) . The colloquial term Bzooxanthellae^on the other hand has been defined as Bendosymbiotic algae belonging to various taxa of chromophyte algae^by the same source and can be found throughout the literature. Thus, ironically, zooxanthellae do not necessarily belong to the genus Zooxanthella. In fact, multiple genera such as Amphidinium (Jørgensen et al. 2004) , Gymnodinium (Gast and Caron 1996) , Symbiodinium (Freudenthal 1962; LaJeunesse 2001) , and Brandtodinium (Probert et al. 2014 ) that associate with a range of radiolarian, anthozoan, foraminiferan, and protist hosts are all zooxanthellae, but some of them have only a distant phylogenetic relationship with Zooxanthella (Gottschling and McLean 2013) . Modern molecular techniques have illustrated how phylogenetically divergent members of zooxanthellae and zoochlorellae are to each other in each group. In the case of the coral symbiont Symbiodinium sp. (Freudenthal 1962) , biomolecular and phylogenetic work has now established a large degree of intrageneric diversity that can be larger than the diversity observed between different genera in higher plants (LaJeunesse 2001; Krueger et al. 2015) . Considering the achieved taxonomic resolution through the use of modern molecular genetic tools, the designation Bzooxanthellae^is clearly outdated and should be discouraged in scientific publications (see also Blank and Trench 1986; Gottschling and McLean 2013) . Similar concerns were raised about the usefulness of the term zoochlorellae, since its arbitrary assignment to many green cells that live with heterotrophic organisms can cause uncertainties about the true algal identity, leading to the suggestion to treat it as a nomen ambiguum (reviewed in Reisser 1984) .
While Karl Brandt was neither the first nor the only one to recognize the independence and symbiotic nature of green and yellow cells in animal hosts, his experimental work and publications certainly helped to ultimately convince the broader scientific community and thus create a new frontier of research. Today, symbiosis is recognized as a fundamental and widespread phenomenon. Studying the physiological and ecological features of these symbiotic systems remains one of the most dynamic and fascinating topics in biology.
